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Abstract 

Microglia, the innate immune cells of the brain, are activated by damage or disease. In mouse models of amyotrophic 
lateral sclerosis (ALS), microglia shift from neurotrophic to neurotoxic states with disease progression. It remains 
unclear how human microglia change relative to the TAR DNA-binding protein 43 (TDP-43) aggregation that occurs in 
97% of ALS cases. Here we examine spatial relationships between microglial activation and TDP-43 pathology in brain 
tissue from people with ALS and from a TDP-43-driven ALS mouse model. Post-mortem human brain tissue from the 
Neurological Foundation Human Brain Bank was obtained from 10 control and 10 ALS cases in parallel with brain 
tissue from a bigenic NEFH-tTA/tetO-hTDP-43∆NLS (rNLS) mouse model of ALS at disease onset, early disease, and late 
disease stages. The spatiotemporal relationship between microglial activation and ALS pathology was determined by 
investigating microglial functional marker expression in brain regions with low and high TDP-43 burden at end-stage 
human disease: hippocampus and motor cortex, respectively. Sections were immunohistochemically labelled with 
a two-round multiplexed antibody panel against; microglial functional markers (L-ferritin, HLA-DR, CD74, CD68, and 
Iba1), a neuronal marker, an astrocyte marker, and pathological phosphorylated TDP-43 (pTDP-43). Single-cell levels 
of microglial functional markers were quantified using custom analysis pipelines and mapped to anatomical regions 
and ALS pathology. We identified a significant increase in microglial Iba1 and CD68 expression in the human ALS 
motor cortex, with microglial CD68 being significantly correlated with pTDP-43 pathology load. We also identified 
two subpopulations of microglia enriched in the ALS motor cortex that were defined by high L-ferritin expression. 
A similar pattern of microglial changes was observed in the rNLS mouse, with an increase first in CD68 and then in 
L-ferritin expression, with both occurring only after pTDP-43 inclusions were detectable. Our data strongly suggest 
that microglia are phagocytic at early-stage ALS but transition to a dysfunctional state at end-stage disease, and that 
these functional states are driven by pTDP-43 aggregation. Overall, these findings enhance our understanding of 
microglial phenotypes and function in ALS.
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Introduction
Amyotrophic lateral sclerosis (ALS) is the most com-
mon form of motor neuron disease. ALS is characterised 
by progressive death of upper and lower motor neurons, 
which leads to muscle atrophy, disability, and death 
[1]. Diverse genetic and environmental factors cause 
or increase the risk of ALS [2, 3]. Despite this range of 
risk factors, 97% of all ALS cases share a common path-
ological hallmark: intracellular accumulation of TAR 
DNA-binding protein 43 (TDP-43) aggregates in motor 
neurons [4]. Motor neurons are central to ALS patho-
genesis and symptomatology but microglia, the innate 
immune cells of the brain, are also altered in disease. 
Microglia may become reactive in response to damage 
or disease pathology to maintain brain homeostasis [5]. 
However, evidence from rodent SOD1 models of ALS 
indicates that some microglial functional states could be 
harmful later in disease and contribute to ALS progres-
sion [6]. It remains unclear how microglia change spa-
tiotemporally relative to TDP-43 pathology in ALS and 
how microglial function impacts neurodegeneration.

Microglial functions are altered in a range of neuro-
degenerative diseases, with changes in microglial mor-
phology and protein expression identified in proximity 
to pathological protein aggregates [7]. These changes in 
microglial function are hypothesised to occur to protect 
the brain from degeneration, but also have the potential 
to contribute to neurodegeneration. In the G93A SOD1 
ALS mouse model, isolated primary microglia at an early 
symptomatic stage were neuroprotective, supporting the 
growth of motor neurons in co-culture [6]. Conversely, 
primary microglia isolated from the same model at a 
late symptomatic stage were neurotoxic, inducing motor 
neuron death [6]. Therefore, microglia are considered 
to have a biphasic role in SOD1-linked ALS, supporting 
motor neuron survival early in disease but later switch-
ing to promote disease pathogenesis. The phenotype 
of microglia in ALS with TDP-43 pathology is less well 
characterised. A neurotoxic microglial phenotype can be 
induced by native and mutant forms of TDP-43 in vitro 
[8], demonstrating the capacity for a microglial func-
tional shift in response to TDP-43. Furthermore, specific 
microglial states present in the human ALS spinal cord 
containing pTDP-43 pathology negatively correlated with 
disease progression [9]. In contrast, the nuclear-locali-
sation sequence-defective TDP-43 mouse model of ALS 
demonstrated microglia express unique suites of genes at 
each disease state, with strong neuroprotective gene sig-
natures being identified at early- and late-stage disease, 
and recovery, arguing against a late-stage neurotoxic 
microglial phenotype [10].

Underpinning the neuroprotective, neurotoxic, and 
other functional phenotypes of microglia are changes in 

protein expression of key functional proteins. L-ferritin, 
HLA-DR, CD68, CD74, and Iba1 are microglial proteins 
that report upon a range of microglial functions and are 
altered across various human ALS genotypes and models 
of ALS (Additional file 1: Table S1) [11–27]. L-ferritin is a 
marker of microglial dysfunction [28, 29], HLA-DR and 
CD74 are involved in antigen presentation and are classi-
cal markers of ‘activation’ [30–34], CD68 is expressed in 
lysosomes and reports on phagocytosis [35, 36], and Iba1 
labels the cytoskeleton and can report on morphologi-
cal changes [37–39]. Microglial Iba1 and CD68 expres-
sion are increased in human ALS brain regions with high 
TDP-43 pathological load and neuronal loss [40]. Fur-
thermore, CD68 expression in ALS is strongly correlated 
with motor cortex phosphorylated TDP-43 (pTDP-43) 
pathology load [24, 41], disease progression, and upper 
motor neuron clinical symptoms [42, 43]. However, sev-
eral of these human studies lacked age-matched control 
cases [40, 42] and the small number of microglial mark-
ers examined leave unclear whether microglial functional 
changes in response to TDP-43 pathology are neuropro-
tective or neurotoxic.

As evidenced above, microglial functional states in 
post-mortem tissues have typically been inferred from 
cell morphology and/or protein expression of individual 
microglial proteins or limited sets of proteins by single-
label chromogenic immunohistochemistry. While tradi-
tional immunohistochemical studies provide proteomic 
data with spatial context, single chromogen or even triple 
fluorescent labelling methods do not capture microglial 
heterogeneity [29]. Indeed, microglial research is moving 
away from rigid categorisation of a limited number of dis-
tinct functional states, and towards a multidimensional 
integration of transcriptomic, proteomic, metabolomic, 
epigenetic, and morphological data to define microglial 
phenotypes [44]. While bulk tissue RNA sequencing and 
single cell-based methodologies like single cell- and sin-
gle nuclear-RNA sequencing have provided high resolu-
tion transcriptomic information on microglial changes in 
ALS, these datasets lack proteomic information and spa-
tial context [17, 19, 20, 25–27, 45–48]. Further, although 
the identification of microglial changes in post-mortem 
human ALS brain tissue is key to identify disease-rele-
vant therapeutic targets, this tissue is collected at end-
stage disease. Current methods of analysing microglial 
changes in human ALS tissue thus fail to account for 
complex protein expression changes and preclude the 
assessment of such changes over time, including in early 
stages of disease progression that are critical for under-
standing disease mechanisms.

To address these shortcomings, here we utilise multi-
plexed immunohistochemistry and single-cell analysis 
to compare the protein expression of HLA-DR, CD68, 



Page 3 of 22Swanson et al. Acta Neuropathologica Communications           (2023) 11:69 	

CD74, and Iba1 between ALS brains and age-matched 
normal controls. We also analyse the spatial relationship 
between individual microglial phenotypes and pTDP-43 
pathology in the ALS brain. And finally, we infer tempo-
ral changes in human ALS by examining human brain 
regions affected with neuropathology both early (motor 
cortex) and late (hippocampus) disease stages [49], and 
TDP-43 mouse model brain regions at disease onset, 
early disease, and late disease stages [50]. By analysing 
post-mortem tissue from patients with end-stage ALS, 
in parallel with tissue from rNLS mice at different dis-
ease time points, we provide an assessment of microglial 
changes relative to pTDP-43 in the human brain with 
temporal context.

Methods
Human tissue selection
Formalin-fixed paraffin-embedded motor cortex and hip-
pocampus blocks from 10 neurologically normal and 10 
ALS cases from the Neurological Foundation Human 
Brain Bank (HuBB) at the Centre for Brain Research, 
University of Auckland were used in this study (Table 1). 
Control cases had no previous history of neurological 
disorders and cause of death was unrelated to any neuro-
logical condition. ALS cases were diagnosed clinically by 

consultant neurologists at Auckland City or Middlemore 
Hospitals (Auckland, New Zealand) during life. All case 
classifications were confirmed with post-mortem neu-
ropathology assessments performed by consultant neu-
ropathologists at Auckland City Hospital. Control cases 
showed no disease pathology other than normal age-
related amyloid deposition. All ALS cases showed pTDP-
43 deposition in the motor cortex.

The fixation and dissection of anatomical regions from 
human brains by the HuBB has been described previously 
[51]. Briefly, human brains were obtained at autopsy and 
the right hemisphere was fixed by perfusion of 15% for-
maldehyde in 0.1  M phosphate buffer through the cer-
ebral arteries. Brains were subsequently dissected into 
approximately 60 regional blocks and 1-cm thick blocks 
from each region were processed for paraffin embedding. 
For this study, 10-µm thick sections were cut from par-
affin-embedded motor cortex and hippocampal blocks 
from all control and ALS cases (Table  1) using a rotary 
microtome and mounted on ÜberFrost® Printer Slides 
(InstrumeC).

Mouse tissue collection
rNLS double-transgenic experimental mice and mono-
genic litter-mate controls were produced from crosses 

Table 1  Post-mortem tissue donor demographics

Abbreviations: PMD, Post-mortem delay; fALS, familial ALS; sALS, sporadic ALS; SD, standard deviation; M, male; F, female; ALS, amyotrophic lateral sclerosis

Group Case code Age (y) Sex PMD (h) fALS/sALS

Neurologically normal controls (n = 10) H211 41 M 8 –

H215 67 F 23.5 –

H226 73 F 48 –

H230 57 F 32 –

H238 63 F 16 –

H240 73 M 26.5 –

H242 61 M 19.5 –

H245 63 M 20 –

H247 51 M 31 –

H249 77 F 17 –

Control mean ± SD – 62.60 ± 10.95 5 M:5F 24.15 ± 11.06 –

ALS (n = 10) Stage 1–3 (n = 5) MN11 77 F 18 fALS (unknown)

MN14 59 F 19 fALS (unknown)

MN16 69 M 16.5 sALS

MN20 85 M 15 sALS

MN25 71 M 23.5 sALS

Stage 4 (n = 5) MN13 55 M 10 sALS

MN15 54 F 18 sALS

MN19 75 M 20.5 sALS

MN29 72 M 24 sALS

MN30 84 F 17.5 sALS

ALS mean ± SD – 70.10 ± 11.07 6 M:4F 18.20 ± 4.063 –
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of hemizygous B6.C3-Tg(NEFH-tTA)8Vle/JAusb mice 
(NEFH-tTA line 8, stock #025,397) with homozygous 
B6.C3-Tg(tetO-TARDBP*)4Vle/JAusb mice (tetO-hTDP-
43ΔNLS line 4, stock #014,650), originally obtained from 
Jackson Laboratories [50] following backcrossing of each 
independent line for > 10 generations on C56BL/6JAusb 
(Australian BioResources) background. Intercross mice 
and offspring were provided with 200  mg/kg doxycy-
cline (Dox)-containing feed (Specialty Feeds, Australia) 
until 8–12 weeks of age. Both sexes were included in each 
group, and mice were housed under 12-h light/dark cycle 
at 21 ± 1  °C and 55 ± 5% humidity. Brains were collected 
from mice as described previously [52]. Briefly, at pre-
determined timepoints after removal of Dox-containing 
feed, mice were deeply anaesthetized and transcardi-
ally perfused with phosphate-buffered saline followed 
by 4% paraformaldehyde. Brains were post-fixed in 4% 
PFA for ~ 16  h, dehydrated through increasing concen-
trations of ethanol and embedded in paraffin. Tissues 
Sects.  (10  μm thickness) were mounted on StarFrost 
slides. Animal ethics approval was obtained from The 
University of Queensland (#QBI/131/18), and experi-
ments were conducted in accordance with the Australian 
code of practice for the care and use of animals for scien-
tific purposes.

Paraffin immunohistochemistry
Multiplexed immunohistochemical labelling panels were 
designed to investigate changes in microglial functional 
protein expression relative to ALS neurodegeneration in 
the human and mouse brains. The panels consisted of 2 
rounds of immunohistochemical labelling encompassing 
microglial functional markers and anatomical and neuro-
pathology markers (Table 2).

Immunohistochemical labelling of paraffin-embedded 
motor cortex and hippocampal sections was carried out 
as previously described [53, 54]. In short, Tris–EDTA 
pH 9.0 antigen retrieval was performed, and sections 
were incubated in primary then secondary antibody mix-
tures (Table 2). Nuclei were counterstained with Hoechst 
33,258 and sections were coverslipped using ProLong® 
Gold Antifade mounting media.

After the first round of labelling, sections were imaged 
on a Zeiss Z2 Axioimager (10 × /0.45 NA) using MetaSys-
tems VSlide acquisition software and MetaCyte stitching 
software. The Zeiss Z2 Axioimager used a Colibri 7 solid-
state light source with LED lamps and the following filter 
sets to enable spectral separation of the 6 fluorophores 
per round (Ex peak (nm); Em (nm)/bandpass (nm)): Hoe-
chst 33,258 (385; 447/60), AlexaFluor® 488 (475; 550/32), 
AlexaFluor® 546 (555; 580/23), AlexaFluor® 594 (590; 
628/32), AlexaFluor® 647 (630; 676/29), and AlexaFluor® 
800 (735; 809/81).

Sections were subsequently decoverslipped and incu-
bated in 5 × LI-COR NewBlot IR Stripping Buffer for 
13 min at room temperature to strip the round 1 primary 
and secondary antibodies [55, 56]. Following stripping, 
sections were incubated in the round 2 primary then sec-
ondary antibody mixtures, counterstained with Hoechst, 
and coverslipped. The round 2 labelling was then imaged 
within the same area of tissue as for round 1.

Individual channel images were extracted, using 
VSViewer v2.1.112, from at least two areas of grey matter 
per motor cortex section and the entire dentate gyrus per 
hippocampal section. Images from round 1 and 2 label-
ling were aligned for analysis using the Hoechst 33,258 
nuclear counterstain, as previously described [53, 56].

Absence of bleed-through between adjacent channels 
was confirmed by labelling for all primary antibodies in 
a given round (Table  2, human multiplexed quantifica-
tion) and either Hoechst 33,258 alone, Hoechst 33,258 
alone and all secondaries, or Hoechst 33,258 and second-
aries in alternating channels (488, 594, and 800  nm; or 
546 and 647 nm) (Additional file 1: Fig. S1). Absence of 
cross-reactivity between antibodies within a single round 
was also confirmed (Additional file  1: Fig. S1). There 
was minor cross-reactivity between the mouse IgG1 
anti-pTDP-43 from round 1 and the mouse IgG1 anti-
HLA-DR in round 2 in some human cases, which was 
accounted for in subsequent analyses. We observed lower 
resolution of Iba1 labelling than of other markers, due 
to its visualisation in the (low energy) 800  nm channel, 
precluding microglial morphology analysis using Iba1 but 
still enabling relative Iba1 protein expression analysis.

To confirm the presence of a L-ferritinhigh CD68high 
microglial population in the ALS motor cortex, we 
labelled stage 4 ALS motor cortex sections with L-fer-
ritin, CD68, and Iba1 antibodies (Table  2, human con-
focal), using AlexaFluor® 488, 594, and 647 secondary 
antibodies, respectively, with a Hoechst nuclear counter-
stain. Confocal images were acquired using an Olympus 
FV1000 confocal microscope (100 × magnification oil 
immersion lens, 1.4 NA, Z-step 1 µm) with FluoView 4.2 
software (Olympus). Maximum intensity Z-projections 
were generated and processed using FIJI.

Quantification using MetaMorph custom image analysis 
pipelines
To quantify microglial changes relative to neurodegen-
eration in the ALS brain, we developed custom image 
analysis pipelines in Metamorph software (Molecular 
Devices) similar to those previously described [56, 57]. 
Three image analysis pipelines were developed for this 
study: tissue-wide pathology load analysis, and tissue-
wide and single-cell microglial functional marker expres-
sion analysis (Additional file 1: Fig. S2).
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Prior to all analyses, image processing was carried out; 
on a composite image of Hoechst and NeuN, manual 
regions of interest (ROI) were drawn to retain tissue areas 
for analysis and exclude tissue folds and defects. Motor 
cortex ROIs encompassed layers I-VI and hippocampus 
ROIs encompassed the molecular, granule cell, and poly-
morphic layers of the dentate gyrus.

Tissue‑wide pathology load analyses
We first analysed the overall load of pTDP-43 and 
GFAP in control versus ALS tissues. To eliminate high 

HLA-DR immunoreactivity from the previous immuno-
histochemistry round in the human sections, a binary 
mask of high HLA-DR immunoreactivity was generated 
using the threshold clip tool and subtracted from the 
pTDP-43 image. To isolate specific pTDP-43 or GFAP 
immunoreactivity, binary masks of high immunore-
activity were generated for the HLA-DR-subtracted 
pTDP-43 image (or raw pTDP-43 in the mouse tis-
sue) and the raw GFAP image using the threshold clip 
tool. The integrated intensity of the pTDP-43 labelling 
within the binary mask and area of the GFAP binary 

Table 2  Immunohistochemistry panels for analysis of microglial changes in the human ALS and hTDP-43-ΔNLS ‘rNLS’ mouse brains

PANEL 1 Human multiplexed quantification

Round 1 primary antibody Round 1 secondary antibody Round 2 primary antibody Round 2 secondary antibody

Mouse IgG2b anti-L-ferritin
(1:1,000; Abcam, Ab218400)

Goat anti-mouse IgG2b AlexaFluor® 488
(1:500; ThermoFisher, A21141)

Mouse IgG1 anti-TDP-43, phos-
pho Ser409/410
(1:1,000; Cosmobio, CAC-TIP-
PTD-M01)

Goat anti-mouse IgG1 AlexaFluor® 488
(1:500; ThermoFisher, A21121)

Mouse IgG1 anti-HLA-DQ, DP, DR
(1:500; DAKO, M0775)

Goat anti-mouse IgG1 AlexaFluor® 546
(1:500; ThermoFisher, A21123)

Guinea pig anti-NeuN
(1:500; Sigma Aldrich, ABN90)

Goat anti-guinea pig AlexaFluor® 546
(1:500; ThermoFisher, A11074)

Mouse IgG3 anti-CD68
(1:200; Abcam, Ab783)

Goat anti-mouse IgG3 AlexaFluor® 594
(1:500; ThermoFisher, A21155)

Rabbit anti-GFAP
(1:2,000; DAKO, Z0334)

Goat anti-rabbit AlexaFluor® 594
(1:500; Jackson Laboratories, 111–586-
144)

Rabbit anti-CD74
(1:1,000; Abcam, Ab64772)

Goat anti-rabbit AlexaFluor® 647
(1:500; Jackson Laboratories, 111–605-
144)

UEA-1 Lectin, biotinylate
(1:1,000; Sigma-Aldrich, L8262)

Streptavidin AlexaFluor® 647
(1:500; Jackson Laboratories, 016–170-
084)

Chicken anti-Iba1
(1:1,000; Synaptic Systems, 234,009)

Goat anti-chicken AlexaFluor® 800-plus
(1:500; ThermoFisher, A32935)

PANEL 2 Human confocal

Primary antibody Secondary antibody

Mouse IgG2b anti-L-ferritin
(1:1,000; Abcam, Ab218400)

Goat anti-mouse IgG2b AlexaFluor® 488
(1:500; ThermoFisher, A21141)

Mouse IgG3 anti-CD68
(1:200; Abcam, Ab783)

Goat anti-mouse IgG3 AlexaFluor® 594
(1:500; ThermoFisher, A21155)

Chicken anti-Iba1
(1:1,000; Synaptic Systems, 234,009)

Goat anti-chicken IgG AlexaFluor® 647
(1:500; ThermoFisher, A21449)

PANEL 3 Mouse multiplexed quantification

Round 1 primary antibody Round 1 secondary antibody Round 2 primary antibody Round 2 secondary antibody

Rabbit anti-CD68
(1:1,000; Abcam, Ab215212)

Donkey anti-rabbit IgG AlexaFluor® 
488
(1:500; Jackson Laboratories, 
711–545-152)

Rabbit anti-pTDP-43, Ser 409/410
(1:3,000; Cosmo Bio, TIP-PTD-P02)

Donkey anti-rabbit AlexaFluor® 488
(1:500; Jackson Laboratories, 711–545-
152)

Goat anti-L-ferritin
(1:1,000; Lifespan Biosciences, 
LS-B4383-50)

Donkey anti-goat AlexaFluor® 546
(1:500; ThermoFisher, A11056)

– –

Guinea pig anti-NeuN
(1:500; Sigma Aldrich, ABN90)

Donkey anti-guinea pig AlexaFluor® 
594
(1:500; Jackson Laboratories, 
706–585-148)

– –

Chicken anti-Iba1
(1:1,000; Synaptic Systems, 234,009)

Donkey anti-chicken AlexaFluor® 
647
(1:500; Jackson Laboratories, 
703–605-155)

Goat anti-Iba1
(1:1,000; Abcam, Ab5076)

Donkey anti-goat AlexaFluor® 647
(1:500; Jackson Laboratories, 705–605-
947)
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mask were then measured and normalised to the ROI 
area.

Tissue‑wide microglial functional marker expression analysis
To identify global microglial changes in the ALS brain, we 
first measured the tissue-wide abundance of each micro-
glial marker. In the human tissue, binary masks of Iba1, 
HLA-DR, CD68, and CD74 immunolabelling were gener-
ated using the adaptive thresholding tool. A binary mask 
of high L-ferritin immunoreactivity was not generated, as 
L-ferritin immunoreactivity was identified on microglia 
as well as GFAP-positive astrocytes (Additional file 1: Fig. 
S3). The binary masks from all thresholded markers of 
interest were combined to create a master mask, encom-
passing all microglia immunoreactive for Iba1, HLA-DR, 
CD68, and/or CD74. In the mouse tissue, a binary mask 
of only Iba1 was generated to identify all microglia as all 
microglia were highly immunoreactive for Iba1. The inte-
grated intensity of each marker was measured across the 
master mask (human) or Iba1 mask (mouse) and nor-
malised to the ROI area to give a measure of tissue-wide 
expression.

Single‑cell microglial functional marker expression analysis
We next identified all microglia within each ROI and 
quantify the single-cell expression of Iba1, L-ferritin, 
HLA-DR, CD68, and CD74, as described in our previous 
reports [56, 57]. Briefly, each object within the previously 
generated master mask or Iba1 mask was considered a 
cell, and the average intensity of Iba1, L-ferritin, HLA-
DR, CD68, and/or CD74 was measured in each cell. The 
average intensity of each marker per cell is equivalent to 
the protein concentration per cell.

Based on the average intensity, we categorised each 
cell as either high- or low-expressing for each marker of 
interest (MOI). Distinct low- and high-expressing micro-
glial populations were only identified for Iba1 (Fig. 3M). 
To determine low/high thresholds for the remaining four 
functional markers, all microglia from all cases were 
first plotted on an XY scatter plot for the average inten-
sity of Iba1 and each other functional marker, as previ-
ously described [56, 57] (Additional file  1: Fig. S4). The 
distribution of cells on these XY scatter plots was used 
to determine thresholds for the remaining functional 
markers.

T‑SNE plot visualisation and cluster analysis
The t-SNE plots were generated in R using the Barnes-
Hut t-SNE implementation package ‘Rtsne v.0.15’ [58, 
59]. To ensure equal sampling from each region and case, 
we randomly subsampled 31,200 cells from each case/
region subgroup (control motor cortex, ALS motor cor-
tex, control hippocampus, and ALS hippocampus) for a 

total of 124,800 cells. Note, we sampled evenly from the 
motor cortex and hippocampus as we did not observe 
any inter-regional differences in microglial density. Sin-
gle-cell average intensities of L-ferritin, HLA-DR, CD68, 
CD74, and Iba1 were log transformed for equal weighting 
and selected for t-SNE dimensional reduction. Param-
eters were set using Kobak and Berens [60], Belkina et al. 
[63], and Cao et al. [61, 62] as guidelines [60–62]. Briefly, 
perplexity values between 30 and 250 were utilized with 
250 found to be more visually appealing. A learning rate 
of Ncells

12
 was set where 12 corresponds to the early exag-

geration (EE) factor. The EE factor was applied for the 
first 250 iterations of the maximum 1000 conducted.

Clusters were generated on the 2D t-SNE embedding 
using a KNN (k nearest neighbour) and Louvain clus-
tering approach in R with the ‘FNN v.1.1.3’ and ‘igraph 
v.1.2.11’ packages [63, 64]. The k nearest neighbour value 
was set as 

√

Ncells and the NN distances generated were 
used in the Louvain clustering algorithm to obtain the 
27 total cluster assignments. Using these cluster assign-
ments, we calculated the contribution of control versus 
ALS microglia to each cluster, the percentage of micro-
glia from a given case type in each cluster (done sepa-
rately for the motor cortex and hippocampus), and the 
percentage of MOIhigh microglia in each cluster.

Statistical analyses
For human analyses, microglial densities, microglial 
area load, pathology loads, MOI tissue-wide integrated 
intensities, mean single-cell MOI average intensities, 
and MOIhigh percentages were compared between case 
groups with multiple Mann–Whitney tests and multiple 
comparisons were controlled for using a False Discov-
ery Rate of 0.01, as determined by the two-stage step-up 
method of Benjamini, Krieger, and Yekutieli. Statistical 
significance was set at p ≤ 0.05 with significance of dif-
ferences between case groups shown as ****p ≤ 0.0001, 
*** p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05. Load of pTDP-43 
and GFAP, the tissue-wide MOI integrated intensities, 
the percentage of L-ferritinhigh, HLA-DRhigh, CD68high, 
CD74high, and Iba1high microglia, age, and post-mortem 
delay were sequentially correlated with one another using 
Spearman correlations. Statistical significance was set at 
p ≤ 0.05 and all r values greater than 0.7 were considered 
very strong correlations. No correlations with pTDP-
43 were carried out in control cases due to their lack of 
pTDP-43 aggregates.

For mouse analyses, pTDP-43 load, microglial cell den-
sity, and the percentages of CD68high and L-ferritinhigh 
microglia were compared between groups at each time 
point with a 2-way ANOVA and multiple comparisons 
were corrected for using Bonferroni’s multiple compari-
sons test. Statistical significance was set at p ≤ 0.05 with 
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the significance of differences between groups shown as 
*p ≤ 0.05, ** p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

Results
Microglia express functional markers in control and ALS 
post‑mortem human motor cortex and hippocampus
To investigate microglial changes in the post-mortem 
human ALS brain, we developed a 2-round multiplex 
immunohistochemistry panel to label microglia, ALS 
pathology, and anatomy in the motor cortex (Fig. 1A–H) 
and hippocampus (Fig.  1I–P). Round 1 was comprised 
of commonly studied microglial markers; L-ferritin, 
HLA-DR, CD68, CD74, and Iba1 (Fig.  1A-B, E–F, I-J, 
and M–N; Additional file 1: Table S1). Round 2 was com-
prised of ALS pathology and anatomical markers; pTDP-
43, neuronal marker NeuN, astrocyte marker GFAP, and 
blood vessel marker lectin (Fig.  1C-D, G-H, K-L, and 
O-P).

In the first round of labelling, immunoreactivity for 
all microglial markers was observed in both the ALS 
and control motor cortex and hippocampus. Of these 
previously known myeloid-specific markers, HLA-DR, 
CD68, and CD74 were exclusively expressed by Iba1-
positive microglia. In contrast, while L-ferritin has also 
been shown to be specifically expressed by microglia 
[29], L-ferritin expression was observed in both Iba1-
expressing microglia and GFAP-expressing astrocytes 
in the motor cortex and hippocampus of ALS and con-
trol cases (Additional file  1: Fig. S4). As such, L-ferritin 
immunoreactivity was not used to identify microglia 
in the quantitative analyses, but microglial L-ferritin 
immunoreactivity was measured in microglia identified 
using the other four microglial-specific markers. Of the 
second round of labelling, NeuN, GFAP, and lectin were 
observed in both the ALS and control motor cortex and 
hippocampus. In contrast, pTDP-43 immunoreactivity in 
the motor cortex and hippocampus distinguished control 
and ALS cases as previously described [49]; in control 
cases, no pTDP-43 immunoreactivity was observed in the 
motor cortex or hippocampus (Fig. 1D2 and L2), in stage 
1–3 ALS, pTDP-43 immunoreactivity was observed in 
the motor cortex but not the hippocampus, and in stage 
4 ALS, pTDP-43 immunoreactivity was observed in both 
the motor cortex and hippocampus (Fig. 1H2 and P2).

Microglial cell density, pTDP‑43 load, and GFAP load are 
increased in human ALS
We next investigated whether there are microglial den-
sity changes in ALS and whether microglial density 
spatially correlates with pTDP-43 aggregate load or 
astrogliosis (Fig. 2).

Microglia were identifiable by combining individ-
ual binary masks of HLA-DR, CD68, CD74, and Iba1 
immunoreactivity, to give a ‘master mask’ of all micro-
glia positive for any of these labels (Fig. 2A). The total 
microglial density (where each object within this mas-
ter mask was considered a single cell) was increased 
in the ALS motor cortex relative to controls (Fig.  2B, 
p = 0.0147). In contrast, microglial cell density was 
unchanged in the ALS hippocampus when compared 
with controls (Fig. 2B, p = 0.222).

PTDP-43 aggregates were also segmented appropri-
ately by our analysis (Fig. 2C). In accordance with pres-
ence of pTDP-43 aggregates in the motor cortex being 
discriminatory between ALS and control cases, the 
pTDP-43 integrated intensity across the six layers of the 
motor cortex was significantly increased in ALS relative 
to control cases (Fig.  2D, p = 0.000487). Furthermore, 
pTDP-43 integrated intensity was also significantly 
increased in ALS hippocampus relative to controls 
(Fig.  2D, p = 0.00276). It is important to note that this 
significant increase in the hippocampus was driven by 
stage 4 ALS cases, specifically cases MN15 and MN30 
(Table 1).

Segmentation of GFAP immunolabelling clearly 
demarcated astrocytic cell bodies and processes from 
surrounding tissue (Fig.  2E). We observed a signifi-
cant increase in GFAP area coverage in the ALS motor 
cortex relative to control cases (Fig.  2F, p = 0.000206). 
In contrast, GFAP area coverage was not different 
between the ALS hippocampus relative to control cases 
(Fig. 2F, p = 0.796).

Therefore, significant increases in pTDP-43 load were 
observed in both the human ALS motor cortex and hip-
pocampus. In contrast, increases in microglial cell den-
sity and astrogliosis were confined to the ALS motor 
cortex.

(See figure on next page.)
Fig. 1  Microglia express functional markers in the normal and ALS post-mortem human motor cortex and hippocampus. Two rounds of 
immunohistochemical labelling were used to visualise microglial, anatomical, and pathological markers in the motor cortex (A–H) and 
hippocampus (I–P) from human ALS (stage 4 shown) and neurologically normal control cases. Round 1 was comprised of microglial markers, 
including L-ferritin (green), HLA-DR (magenta), CD68 (red), CD74 (yellow), and Iba1 (cyan), with a Hoechst nuclear counterstain (blue) (A-B, E–F, 
I–J, M–N). Round 2 was comprised of pathological and anatomical markers, including pTDP-43 (green), NeuN (magenta), GFAP (red), and lectin 
(yellow) with a Hoechst nuclear counterstain (blue) (C–D, G–H, K–L, O–P). Images from rounds 1 and 2 were aligned using the Hoechst nuclear 
counterstain. Scale bars (A, C, E, I, K, M, O) = 100 µm and scale bars (B, D, F, H, J, L, N, P) = 20 µm
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Fig. 1  (See legend on previous page.)
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Fig. 2  Microglial cell density, pTDP-43, and GFAP load are increased in ALS. Microglial cell density was quantified from round 1 immunolabelling (A 
and B) and pTDP-43 load and astrogliosis was quantified from round 2 (C–F). Examples of immunofluorescent images and binary masks are taken 
from stage 4 ALS case, MN13 (A, C, and E). Total microglia were identified by creating separate microglial marker binary masks from HLA-DR, CD68, 
CD74, and Iba1, which were then combined to create a microglial marker master mask (A). Each object within this mask was considered a single 
microglial cell. The microglial cell density in the motor cortex and hippocampus was quantified and compared between control and ALS cases (B). 
Aggregates of pTDP-43 were detected, and binary masks of immunoreactivity were generated (C). The integrated intensity of pTDP-43 aggregates 
identified was quantified and normalised to total tissue are to generate a load measure. The pTDP-43 load was compared between control and ALS 
motor cortex and hippocampus (D). The area of GFAP immunoreactivity identified was quantified and normalised to total tissue are to generate 
a measure of astrogliosis (E and F). Data presented as mean ± SD; control n = 10 and ALS n = 9–10. Microglial densities and pathology loads were 
compared between case groups with multiple Mann–Whitney tests and multiple comparisons were controlled for using a False Discovery Rate 
of 0.01, as determined by the two-stage step-up method of Benjamini, Krieger, and Yekutieli. Significance of differences between case groups: 
****p ≤ 0.0001, **p ≤ 0.01, *p ≤ 0.05
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Microglia increase expression of CD68 and Iba1 
in the human ALS motor cortex, but not hippocampus
The significant increase in microglial density in ALS 
demonstrates microglial changes are occurring in dis-
ease. However, an increase in microglial cell number is 
only one aspect of the microglial response to damage and 
disease [65]. We hypothesised that microglia may also 
up-regulate specific functional markers in response to 
ALS neurodegeneration. We therefore quantified the lev-
els of L-ferritin (Fig. 3A–C), HLA-DR (Fig. 3D–F), CD68 
(Fig.  3G–I), CD74 (Fig.  3J–L), and Iba1 (Fig.  3M–O) in 
the ALS and control motor cortex and hippocampus.

We first investigated whether there was a tissue-wide 
increase in microglial expression of each functional 
marker (Fig. 3A, D, G, J, and M). We quantified the aver-
age intensity of immunofluorescent labelling for each 
functional marker within the microglial master mask, 
equivalent to the average expression of each marker 
across all microglia in each case. The average intensity of 
each functional marker was compared in the motor cor-
tex and hippocampus between control and ALS cases. 
We identified significant increases in CD68 and Iba1 in 
the ALS motor cortex (CD68: p = 0.000206, Fig. 3G; Iba1: 
p = 0.0185, Fig.  3M). All other markers were unchanged 
in the ALS motor cortex, while all functional markers 
were unchanged in the ALS hippocampus (Fig. 3).

We hypothesised that the tissue-wide increases in 
microglial CD68 and Iba1 expression were due to an 
increase in the number of high-expressing microglia. Vis-
ualisation of single-cell intensity data for each functional 
marker using density plots showed a right-hand shift 
in ALS, signifying an increase in the number of high-
expressing microglia (Fig.  3B, E, H, K, and N). Thresh-
olds were then set manually to classify each microglia as 
either high or low expressing for each marker (Fig. 3B, E, 
H, K, and N; Additional file 1: Fig S4). The percentage of 
cells expressing the marker of interest highly (MOIhigh) 
was compared between control and ALS cases for each 
functional marker (Fig. 3C, F, I, L, and O). In accordance 
with the significant increase in the tissue-wide expression 

of CD68 in the ALS motor cortex, we identified a sig-
nificant increase in the percentage of CD68high cells in 
the ALS motor cortex when compared with controls 
(p = 0.000444, Fig.  3I). In contrast, despite the tissue-
wide increase in Iba1 levels, the percentage of Iba1high 
microglia was not significantly different in the ALS motor 
cortex from controls (p = 0.424, Fig.  3O), likely because 
nearly all microglia had high levels of Iba1 in the control 
brain. We did not identify any change in other functional 
markers in the ALS motor cortex, and no functional 
markers were increased in the ALS hippocampus 
(Fig. 3C, F, I, L and O).

Therefore, CD68 expression is robustly increased in 
ALS and shows both a tissue-wide increase in expression 
and an increase in CD68high microglia. In contrast, Iba1 
expression is significantly increased in the ALS motor 
cortex due to already high-expressing microglia further 
increasing their Iba1 expression.

CD68 expression correlates with pTDP‑43 pathology load 
in the ALS motor cortex
We next determined whether the increase in the percent-
age of CD68high microglia correlated with the expres-
sion of other microglia functional markers or measures 
of ALS neurodegeneration (Fig.  4). Therefore, measures 
of pTDP-43 integrated intensity and GFAP area cover-
age, and the percentages of L-ferritinhigh, HLA-DRhigh, 
CD68high, CD74high, and Iba1high microglia were sequen-
tially correlated with one another within the control and 
ALS motor cortex and hippocampus.

Co-expression of certain microglial functional mark-
ers was expected even in the normal human brain 
[29], so it was first important to first ascertain the rela-
tionships between microglial markers and measures 
of neurodegeneration in control cases. In the control 
motor cortex, strong or very strong statistically sig-
nificant linear correlations were observed between the 
percentages of CD74high and HLA-DRhigh microglia 
(r = 0.794, p = 0.00880), Iba1high and L-ferritinhigh micro-
glia (r = − 0.806, p = 0.00720), and Iba1high and CD68high 

(See figure on next page.)
Fig. 3  Microglia increase expression of CD68 and Iba1 in the ALS motor cortex. Microglia were identified by combined labelling of all microglial 
markers from round 1 and the tissue-wide and single cell average intensities of each of these markers was measured and used to quantify changes 
in functional marker expression in ALS; L-ferritin (A–C), HLA-DR (D–F), CD68 (G–I), CD74 (J–L), and Iba1 (M–O). Immunolabelling intensity of each 
functional marker was measured within the microglial master mask and normalised to the area of the microglial master mask. The tissue-wide 
average intensities were compared between control and ALS cases in the motor cortex and hippocampus for each functional marker (A, D, G, J, 
and M). Data presented as mean ± SD; control n = 10 and ALS n = 9–10. To designate cells as either high- or low-expressing for each functional 
marker of interest (MOIhigh or MOIlow), total microglia from all control and all ALS cases were pooled and the distribution curve for each marker 
was generated (B, E, H, K, and N). The threshold for each marker was determined and each cell was designated as either MOIhigh or MOIlow for 
each functional marker. The percentage of MOIhigh cells was compared between control and ALS cases in the motor cortex and hippocampus 
for each functional marker (C, F, I, L, and O). Data presented as mean ± SD; control n = 10 and ALS n = 9–10. MOI average intensities and MOIhigh 
percentages were compared between case groups with multiple Mann–Whitney tests and multiple comparisons were controlled for using a False 
Discovery Rate of 0.01, as determined by the two-stage step-up method of Benjamini, Krieger, and Yekutieli. Significance of differences between 
case groups: *p ≤ 0.05, ** p ≤ 0.01, ***p ≤ 0.001
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Fig. 3  (See legend on previous page.)
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microglia (r = − 0.855, p = 0.00290), as well as the per-
centage of CD74high microglia and GFAP area coverage 
(r = 0.903, p = 0.000800), and the percentage of HLA-
DRhigh microglia and GFAP area coverage (r = 0.673, 
p = 0.0390; Fig. 4A). A similar pattern of correlations was 
observed in the control hippocampus, with strong or 
very strong statistically significant correlations identified 
between the percentages of CD74high and HLA-DRhigh 
microglia (r = 0.750, p = 0.0255), Iba1high and L-ferritinhigh 
microglia (r = − 0.833, p = 0.00830), Iba1high and CD68high 
microglia (r = − 0.683, p = 0.0503), and Iba1high and 
CD74high microglia (r = − 0.683, p = 0.0503), although the 
latter did not reach statistical significance (Fig. 4B).

We subsequently carried out the same sequence of 
Spearman correlations between the percentages of 
MOIhigh microglia and pathology loads in the ALS 
motor cortex and hippocampus (Fig.  4C and D). The 
pattern of correlations in ALS was compared with con-
trol cases to determine (1) the emergence of unique 
correlations between pairs of microglial markers and 
(2) the loss of baseline normal correlations. The pattern 

of correlations in the ALS hippocampus mirrored that 
of the control motor cortex and hippocampus; strong 
or very strong statistically significant correlations were 
observed between the percentages of CD68high and 
L-ferritinhigh microglia (r = 0.817, p = 0.0108), CD74high 
and HLA-DRhigh microglia (r = 0.850, p = 0.00610), 
Iba1high and L-ferritinhigh microglia (r = − 0.817, 
p = 0.0108), Iba1high CD68high microglia (r = − 0.883, 
p = 0.00310), and HLA-DRhigh microglia and GFAP 
load (r = 0.683, p = 0.0503), although this did not reach 
statistical significance. In contrast, pattern of correla-
tions in the ALS motor cortex was unique. No statis-
tically significant correlations were identified between 
the percentages of MOIhigh microglia. Instead, a very 
strong statistically significant correlation was identi-
fied between the percentage of CD68high microglia and 
pTDP-43 load (r = 0.906, p = 0.0006). A similar pat-
tern of correlations was observed when using the tis-
sue-wide integrated intensity measures in the place of 
MOIhigh percentages (Additional file 1: Fig. S5).

Fig. 4  Percentage of CD68high microglia correlates with pTDP-43 load in the ALS motor cortex. Measures of microglial functional changes and 
neuropathology load were correlated in the control (A-B) and ALS (C-D) motor cortex and hippocampus. Measures of pTDP-43 integrated intensity 
and GFAP area coverage, and percentages of L-ferritinhigh, HLA-DRhigh, CD68high, CD74high, and Iba1high microglia were sequentially correlated with 
one another using Spearman correlations. The resulting r value from each correlation is presented in the correlation matrix and colour coded 
relative to strength. All r values greater than 0.7 were statistically significant and considered very strong correlations. Control n = 10 and ALS 
n = 9–10, where statistical significance was set at p ≤ 0.05
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Finally, we correlated pathology load and MOIhigh per-
centages with age and post-mortem delay (Additional 
file  1: Table  S2). We identified a significant very strong 
negative correlation between the percentage of Iba1high 
microglia and post-mortem delay in the ALS group 
(r = − 0.8476, p = 0.003). While the biological significance 
of this correlation is unclear, it should not be overlooked. 
We identified no other correlations between pathology 
load or MOIhigh percentages with age or post-mortem 
delay in either the ALS or control case groups (Addi-
tional file 1: Table S2).

Microglial subpopulations that are increased in ALS motor 
cortex are defined by high L‑ferritin levels
Given microglial heterogeneity in the human brain, we 
hypothesised that changes in single functional proteins 
would not reflect the complexity of ALS-associated 
microglial changes. Our multiplex immunohistochem-
istry and image analysis pipelines allowed for the meas-
urement of five functional proteins by each microglia, 
creating a multi-dimensional dataset from post-mortem 
tissues.

K-Nearest neighbour distancing in conjunction with 
Louvain clustering on the t-SNE embedding allowed for 
the identification of 27 clusters within the data. However, 
none of the 27 microglial clusters identified were spatially 
distinct within the t-SNE plots (Fig.  5A). We attributed 
this to the low dimensionality of our dataset; microglia 
were clustered based on the single-cell abundance of 5 
functional proteins expressed in a narrow physiological 
range. The 27 microglial clusters identified therefore do 
not represent unique microglial subpopulations in the 
control and ALS brains. Instead, each cluster represents 
a subset of microglia with subtle differences in expression 
of L-ferritin, HLA-DR, CD68, CD74, and/or Iba1. There-
fore, in the context of this study, we quantified changes 
in the abundance of the microglial clusters identified 

to signify subtle changes in microglial functional pro-
tein levels that would have been missed by tissue-wide 
analyses.

None of the 27 microglial clusters identified were 
unique to either the control or ALS brain. However, 
within both case types, we noted anatomical regional 
patterning; 18 clusters were differentially abundant in 
the motor cortex versus the hippocampus (Fig. 5A, Addi-
tional file 1: Fig. S6). Therefore, the pattern of co-expres-
sion of the 5 functional markers is inherently different 
between motor cortex and hippocampal microglia irre-
spective of disease state.

Five clusters (2, 4, 6, 11, 19) were disproportionately 
contributed to by control or ALS microglia (Fig.  5B1–
F1). For these clusters we then quantified the percentage 
of all microglia for each case that fell into each clus-
ter and compared these percentages between control 
and ALS motor cortex and hippocampus (Fig. 5B2–F2). 
Microglia that fell into clusters 2 and 4 were significantly 
enriched in the ALS motor cortex compared with con-
trols (p = 0.0115, Fig. 5B2 and C2). In contrast, microglia 
that fell into clusters 6, 11, and 19 were not consistently 
enriched in either ALS or control cases (Fig.  5D2–F2). 
Instead, the disproportionate contribution of ALS micro-
glia to cluster 6 (Fig. 5D1) and control microglia to clus-
ters 11 and 19 (Fig. 5E1–F1) were driven by one or two 
cases, suggesting the distribution of microglia across the 
t-SNE generated is different in each case. Percentage data 
for all clusters is presented in Figure S8.

With microglial clusters 2, 4, 6, 11, and 19 being 
enriched with control or ALS microglia, and ALS cases 
being enriched with microglia from clusters 2 and 4, 
albeit with some case variability, we sought to character-
ise the 5-functional-marker phenotype of each cluster. To 
visually phenotype clusters 2, 4, 6, 11, and 19, we mapped 
the single-cell average intensities of L-ferritin, HLA-DR, 
CD68, CD74, and Iba1 on merged t-SNEs (all microglia 
from ALS and control motor cortex and hippocampus) 

(See figure on next page.)
Fig. 5  Microglial clusters enriched ALS motor cortex express high levels of L-ferritin. Microglial single-cell average intensities of L-ferritin, HLA-DR, 
CD68, CD74, and Iba1 were used to identify and characterise microglial subpopulations that were changed in ALS relative to controls. A t-SNE plot 
was generated using random subset of 124,800 microglia (31,200 each from control motor cortex, ALS motor cortex, control hippocampus, and ALS 
hippocampus), and 27 clusters were identified using a k nearest neighbour and Louvain clustering approach (A). The total contribution of control 
versus ALS microglia to each cluster was visualised with a percentage bar to determine clusters most different between control and ALS: clusters 2, 
4, 6, 11, and 19 (B1-F1). The percentage of total microglia in clusters 2, 4, 6, 11, and 19 were statistically compared between control and ALS motor 
cortex and hippocampus (B2-F2). Data presented as mean ± SD; control n = 10 and ALS n = 9–10. Cluster percentages were compared between case 
groups with multiple Mann–Whitney tests and multiple comparisons were controlled for using a False Discovery Rate of 0.01, as determined by 
the two-stage step-up method of Benjamini, Krieger, and Yekutieli. Significance of differences between case groups: *p ≤ 0.05. Microglial single-cell 
average intensities of L-ferritin, HLA-DR, CD68, CD74, and Iba1 were mapped on the merged t-SNE plot (all microglia from ALS and control motor 
cortex and hippocampus) using a binary high-low approach to visualise MOIlow and MOIhigh microglia (G). To phenotype clusters based on MOIhigh 
percentage, for each functional marker the percentage of MOIhigh microglia in each cluster for a given case to the percentage of MOIhigh microglia 
in that case overallThe percentage MOIhigh for each functional marker was normalised to the total percentage of MOIhigh in each case for clusters 
2, 4, 6, 11, and 19 in all cases (H–L). Data presented as mean ± SD; n = 20. Presence of CD68high L-ferritinhigh ‘cluster 2’ microglia confirmed in stage 4 
ALS case, MN15 (M). Representative image is a confocal Z-projection of Hoechst (blue; M1), L-ferritin (green; M2), CD68 (red; M3), and Iba1 (cyan; M4) 
co-labelling; scale bar = 20 µm
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as a binary high-low approach to visualise MOIlow and 
MOIhigh microglia (Fig. 5G).

We then quantified the functional marker phenotype 
of each microglial cluster (Fig.  5H–L); we normalised 
the percentage of MOIhigh microglia that fell within the 
cluster, for a given case, to the percentage of MOIhigh 

microglia in that case overall; a relative MOIhigh percent-
age greater than zero therefore denoted a greater per-
centage of MOIhigh microglia in the cluster relative to the 
case overall. As such, we were able to use the relative per-
centage of MOIhigh microglia in a cluster to identify the 
functional markers driving microglial clustering, and to 

Fig. 5  (See legend on previous page.)
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better understand the functional phenotype of microglial 
clusters; in particular, clusters 2 and 4 that were enriched 
in the ALS motor cortex. Cluster 2 was classified by a 
high relative percentage of L-ferritinhigh CD68high micro-
glia. We confirmed the presence of L-ferritinhigh CD68high 
microglia, as found in this cluster, in the ALS motor 
cortex by confocal microscopy (Fig.  5M). Furthermore, 
cluster 4 was classified by a high relative percentage of 
L-ferritinhigh CD74low microglia, cluster 6 by a high rela-
tive percentage of HLA-DRhigh CD68high microglia, and 
clusters 11 and 19 by high relative percentages of HLA-
DRlow CD68low CD74low microglia.

With the significant increase in the percentage of 
CD68high microglia in the ALS motor cortex, we expected 
an enrichment of microglial clusters defined by high 
CD68 expression in ALS. However, microglial clusters 
characterised by high CD68 expression included clus-
ters 1, 2, 5, 6, 8, and 17, of which only cluster 2 was sig-
nificantly enriched in the ALS motor cortex (Additional 
file  1: Fig. S7 and S8). Therefore, the increase in CD68 
expression can be accompanied by either up- or down-
regulation of other microglial functional markers.

In summary, CD68high microglia were distributed 
across many clusters and were particularly abundant in 
cluster 2 which, along with cluster 4, was enriched in the 
ALS motor cortex and characterised by a high level of 
L-ferritin expression.

pTDP‑43‑dependent increase in CD68 and L‑ferritin 
in a TDP‑43‑driven mouse model of ALS
End-stage disease post-mortem human tissue cannot 
provide temporal information on changes throughout 
disease. While we have identified changes in microglial 
CD68 and L-ferritin expression in the human ALS brain, 
it is unclear when these changes occur relative to pTDP-
43 aggregation and neuronal degeneration. The strong 
correlation between the percentage of CD68high microglia 
and pTDP-43 load in the ALS motor cortex suggests a 
relationship between pTDP-43 aggregation and a change 
in microglial function. To understand this relationship 
temporally, we utilised brain tissue from bigenic NEFH-
tTA/tetO-hTDP-43∆NLS (rNLS) and single transgenic 
tetO-hTDP-43ΔNLS (control) mice at 2, 4, and 6  weeks 
off doxycycline (WOD), equivalent to disease onset, early 
disease, and late disease stages, respectively [50].

We immunolabelled the rNLS and control mouse brain 
sections with microglial markers CD68, L-ferritin, and 
Iba1, pTDP-43, and neuronal marker NeuN (Fig. 6A–J). 
All microglial markers were observed in both the rNLS 
and control motor cortex and hippocampus at 2, 4, and 
6 WOD. As in the human brain tissue, CD68 was exclu-
sively expressed by Iba1-positive microglia (Fig.  6A–J). 
L-ferritin expression was observed by Iba1-positive 

microglia, however, as in the human tissue, L-ferritin 
expression was not specific to Iba1-positive microglia; 
L-ferritin immunoreactivity was also observed in other 
cell types not identified by this panel. Immunoreactiv-
ity for pTDP-43 was exclusively identified in rNLS mice, 
both in the motor cortex and hippocampus (Fig. 6B5, D5, 
G, and J).

Having verified functional marker expression, we next 
quantified the pTDP-43 pathology load in the rNLS 
mice relative to controls at each time point (Fig. 6K). As 
with the human tissue, to measure pTDP-43 aggregate 
load, we measured the integrated intensity of pTDP-43 
immunoreactivity. At 2 WOD, the pTDP-43 load was 
significantly higher in rNLS mice relative to controls in 
both the motor cortex and the hippocampus (motor cor-
tex p = 0.0093, hippocampus p = 0.0001; Fig.  6K), with 
the pTDP-43 load higher in the motor cortex than hip-
pocampus. This increased pTDP-43 load was maintained 
in rNLS mice through to 6 WOD in both regions (motor 
cortex p = 0.0399, hippocampus p < 0.0001; Fig.  6K), 
although did not reach statistical significance at 4 WOD 
(motor cortex p = 0.349, hippocampus p = 0.199; Fig. 6K). 
Therefore, in line with the previous papers describing 
the rNLS mouse model of ALS, we observed pTDP-43 
pathology in the motor cortex and hippocampus from 2 
WOD.

We subsequently characterised microglial changes 
occurring in the rNLS mouse model relative to pTDP-43 
aggregation. First, we quantified microglial cell density 
as a broad measure of microgliosis. Microglial density 
remained unchanged in the rNLS motor cortex at all time 
points but was significantly increased in the rNLS hip-
pocampus at 2 and 4 WOD, but not 6 WOD (hippocam-
pus; 2 WOD p = 0.0292, 4 WOD p = 0.0139, 6 WOD 
p = 0.407; Fig. 6L). However, it is important to note a high 
level of variability in the data, particularly in the rNLS 
groups at all disease timepoints. Therefore, while there 
were some indications of microgliosis in the rNLS mice, a 
high level of variability meant we were unable to identify 
a pattern of changing microglial density with pTDP-43 
aggregation.

We quantified the percentage of CD68high and L-ferri-
tinhigh microglia in the motor cortex and hippocampus 
of the rNLS and control mice using equivalent method-
ology to our human tissue analysis (Fig. 6M and N). The 
percentage of CD68high microglia was unchanged at 2 
WOD but significantly increased at 4 and 6 WOD in the 
rNLS motor cortex and hippocampus relative to controls 
(motor cortex: 2 WOD p = 0.999, 4 WOD p = 0.0160, 
6 WOD p = 0.0003; hippocampus: 2 WOD p > 0.999, 4 
WOD p = 0.00550, 6 WOD p < 0.0001; Fig. 6M). Further 
to this, the percentage of L-ferritinhigh microglia was 
unchanged at 2 and 4 WOD but significantly increased 
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Fig. 6  Microglial CD68 and L-ferritin expression follow pTDP-43 aggregation in motor cortex and hippocampus of rNLS mice. Immunohistochemical 
labelling was used to visualise microglial, anatomical, and pathological markers in the of bigenic NEFH-tTA/tetO-hTDP-43∆NLS (rNLS) and single 
transgenic tetO-hTDP-43∆NLS (control) mice at 2, 4, and 6 weeks off DOX. Example images of the motor cortex (A–D) and hippocampus (E–J) from 
mice at 6 weeks of DOX are shown; microglia were labelled with CD68 (green), L-ferritin (magenta), and Iba1 (red), pathology with pTDP-43 (yellow), 
and neurons with NeuN (white), with a Hoechst nuclear counterstain (blue); scale bar A = 100 µm and scale bar B = 20 µm. Microglial cell density 
(K), pTDP-43 load (L), and the percentage of CD68high (M) and L-ferritinhigh (N) microglia were quantified in the hippocampus and motor cortex 
of control and rNLS mice 2, 4, and 6 weeks off DOX (K). All data presented as mean ± SD; control n = 4–6 and rNLS n = 2–5. Measurements were 
compared between case groups at each time point with a 2-way ANOVA and multiple comparisons were corrected for using Bonferroni’s multiple 
comparisons test. Significance of differences between case groups: *p ≤ 0.05, ** p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001
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at 6 WOD in the rNLS motor cortex and hippocampus 
relative to controls (motor cortex: 2 WOD p = 0.7276, 
4 WOD p = 0.406, 6 WOD p = 0.0005; hippocampus: 2 
WOD p = 0.991, 4 WOD p = 0.935, 6 WOD p < 0.0001; 
Fig. 6N). Therefore, while pTDP-43 load was significantly 
increased at from 2 WOD, the percentage of CD68high 
and L-ferritinhigh microglia were increased later, from 4 
and 6 WOD, respectively.

Discussion
In this study, we utilised multiplexed immunohisto-
chemistry and single cell analysis pipelines to identify 
how microglia change spatiotemporally relative to TDP-
43 pathology ALS. In the human ALS motor cortex, we 
identified increased microglial expression of both Iba1 
and CD68, the latter of which strongly correlated with 
increased pTDP-43 load. Further to this, we identified 
microglial phenotype clusters enriched in the ALS motor 
cortex that were defined by high L-ferritin expression. In 

the rNLS mouse-driven model of ALS, higher microglial 
CD68 and L-ferritin expression occurred at early and 
late disease stages, respectively, after pTDP-43 aggrega-
tion. The results of this study are summarised in Fig. 7. 
Overall, this work provides a detailed examination of 
microglial changes in the human ALS brain and their 
association with pTDP-43 pathology.

We first investigated the levels of specific markers 
whose expression reflects different microglial function; 
L-ferritin, HLA-DR, CD68, CD74, and Iba1 (Additional 
file 1: Table S1). These microglial functional markers are 
also expressed by border-associated macrophages and 
invading peripheral monocytes [29], so while we discuss 
changes in these markers to reflect changes in micro-
glia, there could be a contribution from other myeloid 
cell populations. The most notable change identified 
was an increase in CD68, evidenced by increased tissue-
wide CD68 average intensity and percentage of CD68high 
microglia in the human ALS motor cortex, and increased 

Fig. 7  Summary of microglial changes identified in the human ALS and mouse rNLS motor cortex and hippocampus. The human ALS motor cortex 
showed increased microglial expression of both Iba1 and CD68, the latter of which strongly correlated with increased pTDP-43 load. Microglial 
phenotype clusters that were enriched in the ALS motor cortex were defined by high L-ferritin expression. In the rNLS mouse-driven model of ALS, 
higher microglial CD68 and L-ferritin expression occurred at early and late disease stages, respectively, after pTDP-43 aggregation
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percentage of CD68high microglia in the rNLS mouse 
motor cortex and hippocampus at early and late disease 
stages. CD68 is a lysosomal protein classically considered 
a marker of ‘activated’ phagocytic microglia [35, 36]. The 
robust increase in CD68 expression in both the human 
ALS motor cortex and rNLS brain suggests that at least a 
subset of microglia have increased phagocytic activity as 
part of their reaction to disease pathology. Indeed, micro-
glia have the capacity to phagocytose both pTDP-43 and 
degenerating neurons, likely as an attempt to rescue the 
brain from further degeneration [17, 66, 67]. Therefore, 
the increase in microglial CD68 expression could suggest 
a neuroprotective function in ALS.

The main strength of this study was the use of multi-
plexed immunohistochemistry [55] to investigate the 
expression of five microglial functional markers alongside 
anatomy and pathology in the human ALS brain. Using 
these labelling methods with single-cell image analysis 
pipelines [56], we identified two microglial clusters more 
abundant in the human ALS motor cortex, both of which 
were characterised by high L-ferritin. This was supported 
by the finding of an increased percentage of L-ferritinhigh 
microglia in the late-symptomatic disease rNLS motor 
cortex and hippocampus. L-ferritin is an iron storage 
protein, up-regulated by microglia to maintain brain iron 
homeostasis [28, 68]. However, high L-ferritin expression 
is identified in dystrophic microglia in the normal and 
diseased human brain, suggesting that excess L-ferritin 
expression is associated with microglial dysfunction [28, 
29, 56, 68, 69]. L-ferritin expression by CD68-expressing 
microglia has previously been reported in the deep lay-
ers of the ALS motor cortex [23], and the emergence here 
of a CD68high L-ferritinhigh microglial cluster in end-stage 
human ALS brain suggests that a pool of CD68high phago-
cytic microglia shift in late disease to an L-ferritinhigh 
dysfunctional state. Because this ‘functional transition 
hypothesis’ is based on the altered expression of only two 
proteins (without change in another three proteins), fur-
ther transcriptomic and functional studies are warranted 
to further classify and characterise this microglial pheno-
type in ALS. Nevertheless, a shift to a dysfunctional state 
could implicate a loss of microglial neuroprotective func-
tions in secondary neuronal degeneration in ALS.

We subsequently investigated relationships between 
microglial changes and pTDP-43 aggregation. Microglial 
CD68 levels significantly correlated with pTDP-43 load 
in the human ALS motor cortex. This data corroborates 
a previous report of a correlation between CD68 expres-
sion and pTDP-43 pathology in the ALS spinal cord [24]. 
Nolan and colleagues also demonstrated occasional 
pTDP-43 aggregates within the processes of CD68-pos-
itive microglia, proposing that microglial phagocytosis 
of pTDP-43 aggregates drives CD68 expression [24]. It 

is also possible that the pTDP-43 within microglial pro-
cesses is of microglial rather than neuronal origin, how-
ever the expression of phagocytosis-related lysosomal 
marker CD68 suggests that they are acquired by phago-
cytosis. In support of this, CD68high microglia are also 
observed in the rNLS mouse model of ALS, in which 
human TDP-43 lacking a nuclear localisation signal is 
expressed only within neurons and a small proportion 
of astrocytes but not in microglia or oligodendrocytes 
[50]. Furthermore, microglia are capable of phagocytos-
ing TDP-43 of neuronal origin [17, 66, 67]. Indeed, when 
microglia lose their capacity to phagocytose TDP-43 
through TREM2 depletion, microglia are locked into a 
homeostatic state [66]. Therefore, while the mechanism 
driving microglial CD68 expression requires further 
study, we have provided further evidence of a relation-
ship between microglial phagocytic function and the 
TDP-43 pathology observed in the human motor cortex.

While we identified a significant correlation between 
CD68 and pTDP-43 pathology in human ALS, one of the 
limitations of utilising post-mortem human tissue is the 
inability to assess changes temporally. We circumvented 
this issue by using a brain region less affected in disease 
or only affected in late-stage disease: the hippocampus, 
which shows minimal pathology in sALS, with only stage 
4 cases developing pTDP-43 in the hippocampal dentate 
gyrus [49]. Interestingly, despite including within our 
ALS cohort stage 4 cases with pTDP-43 pathology in the 
hippocampal granule cell layer, we only identified micro-
glial changes in the end-stage human ALS motor cortex, 
not hippocampus. Furthermore, the pattern of correla-
tions between microglial functional marker expression in 
the ALS hippocampus mirrored that of the control brain. 
While previous studies investigating microglial CD68 
expression in the ALS hippocampus did not compare to 
control cases, it has been noted that hippocampal CD68 
expression did not correlate with pTDP-43 load, demen-
tia state, or impaired executive function [40]. These data 
not only suggest that microglia in the ALS hippocampus 
share a phenotype with the control brain rather than the 
ALS motor cortex, but also that pTDP-43 is the primary 
pathology that subsequently drives microglial functional 
changes.

Based on the data from the end-stage human sALS 
tissue, we hypothesised that pTDP-43 aggregation is 
the primary pathology that triggers other neuropatho-
logical changes and microglial reactions. However, 
we have already identified that the major limitation 
of post-mortem human tissue work is the inability to 
study temporal changes in disease. To test our tempo-
ral hypothesis, we utilised the ‘rNLS’ TDP-43-driven 
model of ALS [50]. This rNLS mouse model of ALS 
recapitulates many but not all of the motor features of 
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human ALS and allows us to study microglial changes 
in response to the aggregation of TDP-43 over time; 
the removal of dietary DOX results in the neuronal 
expression of cytoplasmic human TDP-43 [50]. We 
observed this in our cohort, where pTDP-43 immuno-
reactivity was significantly increased in rNLS mice rela-
tive to controls from disease onset (2 WOD) and was 
maintained through to the late disease stage. We sub-
sequently investigated microglial CD68 and L-ferritin 
changes relative to this pTDP-43 accumulation. Micro-
glia increased their expression of CD68 at 4 WOD and 
L-ferritin at 6 WOD, supporting our temporal hypoth-
esis that neuronal pTDP-43 pathology drives microglial 
changes. Further, this recapitulates the microglial phe-
notype shift hypothesised to occur in the human ALS 
brain, where a pool of phagocytic and neuroprotective 
CD68high microglial shift to a dysfunctional L-ferri-
tinhigh state late in disease. It remains unclear what is 
driving the L-ferritin expression by microglia in the 
rNLS mice, and it is unclear whether iron dyshomeo-
stasis occurs following TDP-43 accumulation. How-
ever, given the parallels between microglial changes in 
the rNLS mice and human ALS brain, pTDP-43 aggre-
gation drives microglial changes in ALS either directly 
through microglial phagocytosis of pTDP-43 or indi-
rectly through microglial responses to dysfunctional 
neurons.

Overall, we have demonstrated that microglia 
increase CD68 and L-ferritin expression following 
pTDP-43 aggregation. But the question remains: are 
reactive microglia neurotoxic or neuroprotective in 
the human ALS brain? The CD68high microglial pheno-
type identified in the end-stage human motor cortex 
mirrors that of the neuroprotective microglia in the 
rNLS TDP-43-driven mouse model of ALS [17]. Dur-
ing the disease-recovery phase of late disease rNLS 
mice, there is an increase in microglial density, a shift 
to a more amoeboid morphology, and an increase in 
phagocytic Cd68 gene expression. The improvement 
in motor symptoms in the rNLS mice during recovery 
following the microglial human TDP-43 uptake sug-
gests that this phagocytic microglial activity was neu-
roprotective rather than neurotoxic [17]. Furthermore, 
microglial phagocytosis of damaged spinal motor neu-
rons, including mislocalised intracellular TDP-43, has 
been demonstrated to be neuroprotective; the deple-
tion of microglia enhanced neurodegeneration [67]. 
Finally, impairment of microglial phagocytosis through 
TREM2 deficiency enhances hTDP-43-overexpression 
induced neuronal degeneration, motor symptoms, and 
mortality [66]. Therefore, we postulate that the increase 
in microglial CD68 expression, and inferred phagocy-
tosis, associated with pTDP-43 aggregation in both the 

rNLS mouse model of ALS and the human ALS brain is 
indeed neuroprotective.

Our data from both the human sALS and mouse rNLS 
brains suggest that a pool of neuroprotective CD68high 
microglia shift into a dysfunctional L-ferritinhigh state 
late in disease. Increased expression of iron storage genes 
at late-stage disease have already been described previ-
ously in the rNLS model [10]. While the debate regarding 
microglial functioning in ALS has largely been between 
whether neuroprotective or neurotoxic states develop, 
microglial dysfunction must also be considered. In the 
microglial dysfunction hypothesis of Alzheimer’s dis-
ease, microglia become progressively overwhelmed 
due to their reactive states in the aging and diseased 
brain [70]; in ALS, this could include the phagocytosis 
of pTDP-43 and degenerating neurons. In Alzheimer’s, 
overwhelmed microglia exhibit ‘frustrated phagocytosis’ 
and dysfunction, characterised by impaired phagocyto-
sis, a dystrophic morphology, impaired migration, altered 
signalling, impaired proteostasis, and the development 
of senescence [70, 71]. Dysfunctional microglia in the 
post-mortem Alzheimer’s disease brain are characterised 
by the downregulation of homeostatic markers, includ-
ing P2RY12 and TMEM119 [48], and the up-regulation 
of dysfunctional markers, including L-ferritin [70, 71]. 
Because we use only Iba1, and not P2RY12 or TMEM119, 
to identify homeostatic microglia, we may not capture 
changes in Iba1low homeostatic microglia. However, the 
increase in L-ferritin expression demonstrates the pres-
ence of dysfunctional microglia in the ALS brain. Indeed, 
microglia derived from sALS patient monocytes have 
also been shown to have impaired phagocytic capaci-
ties which correlated with the rate of disease progression 
[72]. Together, this supports the hypothesis that a pool 
of microglia become dysfunctional in late-stage ALS. 
Therefore, therapeutics delivered early in disease should 
promote microglial phagocytic functions to maintain 
neuroprotection and reduce dysfunction, while those 
delivered in later stages should mitigate microglial dys-
function to maintain trophic support.

Despite evidence of microglia showing traits of neu-
roprotective and dysfunctional phenotypes, it remains 
possible that microglia acquire a neurotoxic pheno-
type in response to pTDP-43; a neurotoxic micro-
glial phenotype has been induced in  vitro in response 
to both wildtype and mutant TDP-43 species [8]. 
Whether these cultured mouse microglia exposed to 
tagged, exogenous TDP-43 recapitulate human micro-
glial responses to the ALS brain environment in  vivo 
remains unclear. Recent transcriptomic analyses of 
the human ALS spinal cord demonstrate that certain 
microglial functional states negatively correlated with 
disease duration, which was suggested to be evidence 
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of microglial neurotoxicity in ALS [9]. However, the 
microglial state that negatively correlated with disease 
progression showed high expression of CD68 and FTL 
(L-ferritin) [9]. While this could be a neurotoxic micro-
glial state, we posit that, like in Alzheimer’s disease, 
this L-ferritinhigh population is dysfunctional.

It remains unclear whether disease-associated 
changes in microglial function, and potential neuropro-
tective, dysfunctional, or neurotoxic effects, are con-
sistent across ALS genotypes [41, 43]. While pTDP-43 
pathology occurs in 97% of ALS cases, mutations in 
SOD1, C9ORF72, or FUS genes cause unique neuropa-
thology that may drive distinct microglial responses. 
However, previous studies have shown similarities 
between microglial responses in SOD1, C9ORF72, 
and FUS-linked ALS cases when compared with sALS 
[17, 24]. Whether a microglial functional shift from 
CD68high to L-ferritinhigh is a consistent feature across 
ALS genotypes will determine the breath of utility of 
microglial-targeting therapies developed in TDP-43 
models.

Overall, the evidence presented in this study demon-
strates that microglia up-regulate proteins implicated 
in phagocytosis early in disease and dysfunction late in 
disease in ALS. We demonstrate that these microglial 
changes occur in response to pTDP-43 pathology and 
likely reflect transition from a neuroprotective role to a 
dysfunctional role for microglia in ALS pathogenesis.
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